PAFR in adipose tissue macrophages is associated with anti-inflammatory phenotype and metabolic homoeostasis by Filgueiras, L. R. et al.
 
 
 
 
Filgueiras, L. R., Koga, M. M., Quaresma, P. G., Ishizuka, E. K., Montes, 
M. B. A., Prada, P. O., Saad, M. J., Jancar, S., and Rios, F.J. (2016) PAFR 
in adipose tissue macrophages is associated with anti-inflammatory 
phenotype and metabolic homoeostasis. Clinical Science, 130(8), pp. 601-
612. (doi:10.1042/cs20150538) 
 
This is the author’s final accepted version. 
 
There may be differences between this version and the published version. 
You are advised to consult the publisher’s version if you wish to cite from 
it. 
 
 
 
 
http://eprints.gla.ac.uk/120744/ 
     
 
 
 
 
 
 
Deposited on: 12 August 2016 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk 
1 
 
PAFR in adipose tissue macrophages is associated with anti-inflammatory phenotype and metabolic homeostasis  Luciano Ribeiro Filgueiras1, Marianna Mainardi Koga1, Paula G. Quaresma3, Edson Kiyotaka Ishizuka1, Marlise B. A. Montes1, Patricia O. Prada3,4, Mario J. Saad3, Sonia Jancar1,and Francisco J. Rios 2  1Department of Immunology, Institute of Biomedical Sciences, University of Sao Paulo, Sao Paulo, Brazil 2Institute of Cardiovascular and Medical Sciences, British Heart Foundation Glasgow Cardiovascular Research Centre, University of Glasgow, Glasgow, United Kingdom 3Department of Internal Medicine, State University of Campinas (UNICAMP), Campinas, SP, Brazil 4School of Applied Sciences, State University of Campinas (UNICAMP), Limeira, SP, Brazil.     Corresponding author: Francisco J. Rios, PhD Institute of Cardiovascular & Medical Sciences  BHF Glasgow Cardiovascular Research Centre  University of Glasgow 126 University Place Glasgow  G12 8TA Tel: + 44 (0) 0141 330 8015 Fax: + 44 (0)141 330-3360 Email: Francisco.Rios@glasgow.ac.uk                     
2 
 
Abstract Metabolic dysfunction is associated with adipose tissue inflammation and macrophage infiltration. The Platelet Activating Factor Receptor (PAFR) is expressed in several cell types and binds to PAF and oxidized phospholipids. Engagement of PAFR in macrophages drives them towards the anti-inflammatory phenotype. In the present study, we investigated whether genetic deficiency of PAFR affects the phenotype of adipose tissue macrophages (ATM) and its effect on glucose and insulin metabolism. PAFR-deficient (PAFRKO) and wild type mice (WT) were fed standard (SD) or high fat diet (HFD). Glucose and insulin tolerance tests were performed by blood monitoring. ATM were evaluated by FACS for phenotypic markers. Gene and protein expression was investigated by real-time PCR and western-blot, respectively. Results showed that the epididymal adipose tissue of PAFRKO mice had increased gene expression of Ccr7, Nos2, Il6, and Il12, associated topro-inflammatory mediators, and reduced expression of the anti-inflammatory IL10. Moreover, the adipose tissue of PAFRKO presented higher pro-inflammatory macrophages, characterized by an increased frequency of F4/80+CD11c+ cells. Blood monocytes of PAFRKO mice also exhibited a pro-inflammatory phenotype (increased frequency of Lys6C+.cells) and  PAFR-ligands were detected in the serum of both PAFRKO and WT. Regarding metabolic parameters, compared to WT, PAFRKO mice had: i) higher weight gain andserum glucose concentration levels; ii) decreased insulin-stimulated glucose disappearance; iii) insulin resistance in the liver; iv) increased expression of Ldlr in the liver. In mice fed HFD, some of these changes were potentiated, particularly in the liver. Thus, it seems that endogenous ligands of PAFR are responsible for maintaining the anti-inflammatory profile of blood monocytes and adipose tissue macrophages under physiological conditions. In the absence of PAFR signaling, monocytes and macrophages acquire pro-inflammatory phenotype, resulting in adipose tissue inflammation and metabolic dysfunction.                        
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Summary We found an essential role of PAFR in adipose tissue macrophages. The PAFR-deficiency leads to infiltration of pro-inflammatory macrophages in the adipose tissue resulting in weight gain, reduced glucose tolerance, hepatic insulin resistance, followed by hepatic steatosis.   Short Title: PAFR is associated with anti-inflammatory macrophages and glucose metabolism   Keywords: Macrophages, adipose tissue, platelet-activating factor receptor, glucose, insulin.                                       
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Introduction  The incidence of insulin resistance, the hallmark of Type 2 Diabetes (T2D), has increased dramatically as a consequence of the increase in worldwide obesity (1, 2). Under physiological conditions, the adipose tissue contributes to homeostasis by producing hormones, lipid mediators, adipokines, and growth factors, which play an important role in glucose metabolism. In the obese stage, however, adipose tissue shows a high inflammatory profile that leads to metabolic disturbances such as glucose intolerance and insulin resistance (3). Adipose tissue macrophages (ATM) are the predominant leukocyte observed in metabolically healthy and also insulin-resistant fat in both humans and mice models (4, 5). In metabolically healthy conditions, ATM represent between 5-10% of the total cell population in white adipose tissue (WAT) and exhibits an anti-inflammatory or M2 profile, whereas obesity is accompanied by increased ATM infiltration, presenting a pro-inflammatory M1 profile (6, 7).  Monocyte recruitment to adipose tissue during obesity is an important step in the development of insulin resistance. Deficiency of the chemoattractant Ccr2 or its receptor blunts monocyte mobilization to the fat and protects mice from diet-induced insulin resistance, although they still present obesity (8). Similar results were found in mice depleted of macrophages (9) or that lack the receptor for the lipid mediator leukotriene B4, BLT-1 (10). The shift to classically activated or pro-inflammatory M1 macrophages in the adipose tissue is correlated with the production of cytokines such as interleukin (IL)-6, IL-1β, and Tumor Necrosis Factor (TNF)-α and insulin resistance (5). ATMs are also efficient antigen-presenting cells that are able to induce effector/memory CD4+ T cell proliferation (Th1) in visceral fat, potentiating adipose tissue inflammation (11). Platelet activating factor (PAF) is a lipid mediator secreted by many cell types through enzymatic hydrolysis catalyzed by phospholipase A2, which acts at nanomolar concentration (12). The PAF receptor (PAFR) is a G-protein coupled receptor expressed in plasma and nuclear membranes of many cell types, including macrophages, that binds not only to PAF but also to a wide range of non-enzymatically generated oxidized phospholipids (13). We have previously shown that apoptotic cells and oxidized low density lipoproteins express moieties that bind to PAFR and are cleared by macrophages through the scavenger receptor CD36 in association with PAFR (14, 15). We also found that this process induces functional changes in macrophages, compatible with the regulatory phenotype or M2 proposed by Mosser and Edwards (16), with the secretion of anti-inflammatory mediators/cytokines.  Recently, Yamaguchi et al. demonstrated that the knock down of PAFR in mice results in increased adiposity and increased susceptibility to diet-induced obesity (17). Overall, their results suggest that the anti-obesity effect of PAFR is due to impaired energy expenditure. Regarding WAT inflammation, they found that the CD11c+ macrophage (M1) population was increased in PAFR-deficient mice, although they did not find any increased levels of pro-inflammatory markers (17, 18). Contrarily, Menezes-Garcia et al. found that PAFR deficiency resulted in decreased inflammation in the adipose tissue and improved glucose metabolism (19). In a complex system involving the systemic and adipose tissue inflammation and metabolic dysfunction, the mouse strain, the diet composition, and even gender matters. For example, high fat diet increased adiposity in both male and female rats but, whereas the male developed insulin resistance, the female maintained insulin sensitivity (20).  Meneses-Garcia et al. used male C57Bl/6 and high-refined carbohydrate-containing diet whereas Yamagushi et al, used C57Bl/6 and hight fat diet (60% fat)(17, 19). Balb/c also differ from C57Bl/6 
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mice in the response to PAF, since Balb/c mice are more resistant to shock induced by intravenous injection of PAF (21).  In the present study we investigate the role of PAFR and adipose tissue macrophages in regulate metabolic homeostasis by comparing PAFR knockout (PAFRKO) and wild type (WT) mice of Balb/c background, fed by standard or high fat diet (HFD). 
 Methods Animals BALB/c mice WT and PAFRKO animals, 8 to 10 weeks old (young adult), were housed in a specific pathogen-free facility in a room with a 12 h light–dark cycle with water and food ad libitum. Animal care and research protocols were in accordance with the principles and guidelines adopted by the Brazilian College of Animal Experimentation (COBEA) and this project was approved by the Ethical Committee for Animal Research of the Institute of Biomedical Sciences of the University of São Paulo. A group of mice receiving a standard rodent chow were compared with a group that received a high-fat diet with 55% calories from fat for 12 consecutive weeks, as previously described (22). Body weight was recorded weekly. Glucose and insulin tolerance tests were performed on the 12th week of feeding in high fat diet. A group of WT and PAFRKO mice was kept on standard diet for 40 weeks (aged mice). PAFRKO mice were originally obtained from Drs. Satoshi Ishii and Takao Shimizu (23).  Glucose/insulin tolerance tests After 6 h fasting, mice were anesthetized by an i.p. injection of sodium amobarbital (15 mg/kg body weight), and the experiments were initiated after the loss of corneal and pedal reflexes. The glucose tolerance test (GTT) was conducted by i.p. injection of a 20% glucose solution (2 g/kg body weight). The insulin tolerance test (ITT) was performed by i.p. injection of insulin (1.5 U/Kg). Blood samples were collected from the tail vein at 0, 30, 60, 90, and 120 min and the glucose concentrations were assessed using a glucose monitor (Glucometer, Bayer).  Tissue extraction and immunoblotting Mice were anesthetized by intraperitoneal injection of a Ketamine/Xylazine cocktail. Five minutes after the insulin injection (3.8 U/kg i.p.), the liver, muscle, and adipose tissue were removed, minced coarsely, and homogenized immediately in extraction buffer, as described elsewhere. Protein concentrations were determined by the BCA kit (Thermo Scientific, Rockford, IL, USA). Equal amounts of proteins were separated by 10% SDS-PAGE and transferred to a Hybond™ nitrocellulose membrane (GE Healthcare, NJ, USA). The non-specific binding was blocked with non-fat dry milk. Membranes were incubated overnight at 4ºC and under constant stirring with primary antibodies specific for phosphorylated or total form of Akt (Cell Signaling Technology, Beverly, MA, USA). As secondary antibodies, we used anti-rabbit IgG-HPR (Cell Signaling Technology, Beverly, MA, USA). Expression was visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA).  Histology Epididymal adipose tissue and liver were fixed in a 10% buffered-formalin solution and routinely processed for histological inclusion in paraffin. Five-µm thick tissue sections 
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were stained with Hematoxylin and Eosin (HE) and observed in a light microscope. The adipocyte area was determined using the package ImageJ 1.44p (Wayne Rasband, NIH, USA) available in http://imagej.nih.gov/ij.  Peripheral Blood Mononuclear Cells (PBMCs) preparation and FACS analysis Whole blood samples were collected from mice and PBMCs were isolated by Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation according to manufacturer’s instructions. Isolated cells were extensively washed with ice cold PBS and stained for flow cytometry analysis. Cell pellets were re-suspended in FACS buffer (PBS 0,1% sodium azide, 1% FBS) and stained with fluorescent-conjugated monoclonal antibodies anti-Ly6C-PE (HK1.4) (eBioscience, San Diego, CA, USA) and anti-CD11b-FITC (M1/70) (BD Pharmingen, Franklin Lakes, NJ, USA). After extensive washing, stained cells were analyzed using a FACSCanto II flow cytometer (BD Biosciences). Results were collected at 100,000 cells and analyzed using FlowJo software (TreeStar, Ashland, USA). Ly6C+ populations were determined on CD11b+ gated cells.  Determination of ATM phenotype by FACS Epididymal adipose tissue was digested in PBS with collagenase IV (1 mg/mL) (Sigma-Aldrich, St Louis, MO, USA) in constant agitation at 37ºC for 30 min. The final cell suspension was centrifuged at 300 x g and washed twice with ice cold PBS and stained for flow cytometry analysis. Cell pellets were re-suspended in FACS buffer (PBS with 2% FBS) and stained with fluorescent-conjugated monoclonal Antibodies anti-F4/80-PE, anti-CD11c-APC, and anti-CD206-FITC (BD Biosciences, Franklin Lakes, NJ, USA). After extensive washing, stained cells were analyzed using a FACSCanto II flow cytometer (BD Biosciences). Results were collected at 30,000 cells and analyzed using FlowJo software (TreeStar, Ashland, USA).  Culture of Macrophages Peritoneal exudate cells were obtained by lavage of the peritoneal cavity with cold PBS. The fluid lavage was centrifuged (400 ×g, 10 min, 4°C). The cellular concentration was adjusted to 2 × 106 cells/mL with RPMI 1640 medium, supplemented with 10% FCS, streptomycin (100 μg/mL), penicillin (60 U/mL), sodium bicarbonate (11 mM), l-glutamine (2 mM), and HEPES (20 mM). Cells were left to adhere on microplates for 2 h at 37°C in a 5% CO2. Non-adherent cells were removed by aspiration of the supernatant and replacement with fresh medium RPMI/2% FBS overnight before experiments.   mRNA expression RNA was isolated using TRIzol reagents (Life Technologies, Carlsbad, CA, USA). For the real-time reverse-transcriptase polymerase chain reaction (PCR), cDNA was synthesized using the RevertAidTM First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Ontario, USA), according to the manufacturer's instructions. PCR-master mix (Power SyBr® Green, Applied Biosystems, Warrington, UK) containing the specific mouse primers, as fallow: IL-6, IL-12, IL-10, iNOS, CCR7, Chemerin, and Adiponectin (Supp Table S1)). Relative gene expression was calculated by the 2-Delta Delta C(T) method, as previously described (24). Data are shown as the fold-change in expression of the target gene relative to the internal control gene (GAPDH).   PAFR-ligands in the serum  
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The presence of systemic PAFR-ligands in lipid extracted from serum of PAFR KO and WT mice was determined as their ability to induce IL-8 production in human keratinocytes transfected with PAFR (KBP cells), but not in keratinocytes lacking the PAFR (KBM cells) as previously described (25). Briefly, 2 x 10-5 KBM and KBP cells were plated in 12 wells plates and cultures overnight in Dulbecco´s modified Eagle´s medium (DMEM) containing 10% of fetal bovine serum (FBS). The cells were then washed with PBS, and DMEN without FBS was added. The cells were stimulated with lipid extract from PAFR KO and WT mice serum and after 6 hours the supernatants were collected for IL-8 measuremen by ELISA. The concentration of IL-8 induced by the lipids extracts was compared to that induced by a stable PAF-R agonist 1-hexadecyl-2-N-methylcarbamoyl glycerophosphocholine (cPAF).  Cytokine Measurement and Biochemical analyses IL-10, IL-1β and IL-8 concentration in the supernatants of macrophages were measured using BD OptEIATMELISA Set (BD Biosciences, San Diego, CA, USA). For biochemical analysis, plasma from PAFRKO and WT mice were harvested and the concentration of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) were determined by colorimetric assay using commercially available kits ( Bioclin, Belo Horizonte, MG, Brazil) according to the manufacturer's instructions.  Statistical analysis Data are presented as mean ± SEM. Analysis of variance (ANOVA) and the Student-Newman-Keuls post-test were used to evaluate the statistical significance of the differences between three or more groups. Two-tailed unpaired Student's t-test was used when differences between two groups were analyzed. Significance was assumed if p < 0.05.  Results PAFR deficiency is associated with pro-inflammatory phenotype of adipose tissue macrophages and blood monocytes.  Since the homeostasis of WAT is dependent on the activation phenotype of the adipose tissue macrophages (26, 27), epididymal adipose tissue was processed and the final cell suspension was submitted to FACS analysis for total macrophages (F4/80+ cells), pro-inflammatory M1 (F4/80+ CD11c+) and anti-inflammatory M2 macrophages (F4/80+CD206+). In PAFRKO mice, the macrophage F4/80+ population in WAT, as well as the M1 and M2, were increased when compared to the WT (Fig 1A-C). The M1 population was increased 2-fold in PAFRKO mice. Adipose tissue from PAFRKO mice presented increased gene expression of the M1 macrophages markers IL-12, IL-6, iNOS and CCR7 (Fig 2A-D) and lower levels of the M2 marker IL-10 (Fig 2E). The pro-inflammatory phenotype in PAFRKO macrophages was confirmed by the IL12/IL10 ratio which was 0.87 in the PAFRKO and 0.17 in the WT (Fig 2F). Next, we investigated adipokines in the WAT of PAFRKO and WT and similar levels of the pro-inflammatory chemerin and anti-inflammatory adiponectin were found (Fig 2G and 2H).   Peritoneal resident macrophages from PAFR KO mice also presented pro-inflammatory phenotype. Following LPS stimulation, macrophages from PAFR KO mice produced increased amounts of IL-1β, reduced levels of IL-10 (Supp. Fig1A-B), and  increased gene expression of M1 markers IL-6, IL-12 and iNOS (Supp. Fig S1C and S1D). 
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Aging and HFD had similar effects on ATM. Fig 3A shows that 40 week-old PAFRKO mice presented higher CD11c+ population, while no difference was found in the CD206+ population and the same was observed in mice (8-10 weeks old) fed the HFD (Fig 3B).   In the blood, CD11b+Ly6Cintand CD11b+Ly6Chigh mononuclear cells are considered to be pro-inflammatory monocytes that are bound to differentiate into M1 inflammatory macrophages (28). Although no difference in CD11b+ Ly66Cint population was found between PAFR KO and WT mice, PAFR KO mice presented a significant increased population (3 times higher) of Ly6Chigh of CD11b+ cells, indicating that the lack of PAFR promotes an increase in the pro-inflammatory monocytes population (Fig 4A and 4B).  Because PAFR can be engaged by a wide range of oxidized lipids, we measured the total PAFR binding activity in the blood using the semi-quantitative assay described in Methods. This was done using a human keratinocytes cell line transfected with PAF-receptor (KBP cells) that produce IL-8 when the receptor is activated (25).  We then exposed the PAF-receptor expressing cells (KBP) or the PAF-receptor negative (KBM) cells for 6 h to total lipids extracted from the serum of PAFR-KO and WT mice and measured IL8 concentration in the supernantants. The concentration of IL-8 induced by the lipid extracts was compared to the IL-8 induced by the metabolically stable PAF-R agonist 1-hexadecyl-2-N-methylcarbamoyl glycerophosphocholine  (cPAF).It was found that the serum of both, WT and PAFR KO presented PAFR activity, equivalent to the activity of 14 -15 nM of cPAF.  Together, these results indicate that PAFR ligands present in the serum of PAFR KO and WT mice, engage PAFR in  monocytes/macrophages promoting  anti-inflammatory phenotype.  PAFR deficiency is associated with reduced glucose and insulin tolerance  When fed the SD, the PAFRKO and WT mice have similar body weight gain over 12 weeks. When fed a HFD, the PAFRKO mice showed a significantly higher weight gain than the WT group (Fig 5A). Increased adipocyte size is indicative of obesity and we found that the adipocytes in the HFD group were significantly larger than in those fed the SD, which was observed in both PAFRKO and WT mice (Fig 5B). PAFRKO mice showed increased epididymal fat and liver weight (Fig 5C and 5D). These results indicate that PAFRKO mice are more susceptible to develop metabolic syndrome. Figure 6A shows that PAFRKO mice develop evident hepatosteatosis, a hallmark of metabolic syndrome, when fed HFD. PAFRKO mice fed SD already present disarrangement of hepatocytes. We then analyzed the liver of mice fed a SD for expression of two lipogenic genes (Ldlr and Srebf1). Figure 6B shows that the PAFRKO express higher levels of LdlrmRNA, but no significant differences were found in Srebf1 expression (Fig 6C). Biochemical markers of liver damage (AST, ALT, and LDH) were also determined in the plasma and no difference was found comparing PAFRKO and WT mice under SD (Fig 6D and 6F). These results suggest that under SD the PAFRKO mice although already express increased level of the lipogenic gene Ldlr and hepatocytes dissarangement, but only when fed HFD they develop liver steatosis.  We then investigated whether PAFR deficiency was associated with imbalanced glucose metabolism. Measuring the fasting glycemia, we found that PAFRKO fed the SD already presented higher serum glucose levels than the WT. HFD increased glucose levels in both WT and PAFRKO (Fig 7A). To evaluate whether the higher levels of glucose found in PAFRKO mice were associated with insulin resistance, we performed 
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Glucose and Insulin Tolerance Tests (GTT and ITT). PAFRKO mice were shown to be more glucose intolerant than WT in both SD and HFD (Fig 7B and 7C). Importantly, PAFRKO mice fed with SD were already insulin resistant, suggesting a central role for PAFR in glucose metabolism (Fig 7D). In HFD, PAFRKO mice also presented a more prominent insulin resistance than the control group (Fig 7E).  Deficiency of PAFR reduces insulin signaling  We next investigated the insulin-induced AKT phosphorylation in two different insulin target organs. In the liver, the absence of PAFR was sufficient to promote insulin resistance, since PAFRKO mice fed SD already presented insulin-signaling impairment, an effect that was maximized in mice fed the HFD (Fig 8A). In the skeletal muscle, which is the second organ to develop diet-induced insulin resistance (29), we found that the HFD induced insulin resistance only in the PAFR-deficient mice. Moreover, the insulin signaling was preserved in WT animals fed with HFD (Fig 8B). These results suggest that the deficiency of PAFR promotes susceptibility to insulin resistance.  Discussion  In the present study, we found an essential modulatory role of PAFR in blood monocytes and adipose tissue macrophages. In PAFRKO mice, an increased population of activated monocyte (Ly6Chigh CD11b+) cells in the blood and increased number of F4/80+ macrophages expressing the M1 marker CD11c in the epididymal fat tissuewas found. The adipose tissue presented higher mRNA levels of some M1 markers, increased IL-12 and reduced IL-10 levels. The balance of IL-12 and IL-10 had been previously employed to establish the macrophages phenotype: the classically activated or M1 macrophages and the alternatively activated or M2 (14, 16, 30). The deficiency of PAFR also resulted in weight gain, reduced glucose tolerance, increased expression of Ldlr in the liver and hepatocyte disarrangement, hepatic insulin resistance, and increased glucose levels. Under HFD, PAFR-deficient mice presented a severe insulin resistance that committed the liver and skeletal muscle compared to WT animals, followed by hepatic steatosis. Both CD11b+Ly6Cint and CD11b+Ly6Chigh mononuclear cells in the blood can be classified as pro-inflammatory monocytes and are likely to differentiate into M1 macrophages (28). We found that PAFRKO mice presented a higher population of CD11b+Ly6Chigh cells, indicating that monocytes from these mice are already in a pro-inflammatory state. According to Ghanim et al. 2004, a pro-inflammatory state in peripheral blood mononuclear cells is associated with obesity and may contribute to insulin resistance (31). In fact, the adipose tissue macrophages from PAFRKO mice presented a pro-inflammatory M1 shifted phenotype. The macrophage switch to the pro-inflammatory profile is also linked to several metabolic diseases, including atherosclerosis (32), diabetic wound healing complications, and insulin resistance (5, 33). The fact that no difference in the expression of adiponectin and chemerin was found in adipose tissue indicates that the PAFR deficiency affects the inflammatory profile of macrophages rather than adipocytes. Moreover, it suggests that the knock down of PAFR induces a pro-inflammatory profile in monocytes that is maintained when they infiltrate into the adipose tissue and differentiate into macrophages. Here we demonstrated that in SD, the pro-inflammatory monocytes/macrophages profile is correlated with an imbalance of glucose metabolism and insulin resistance in the liver, but not in the skeletal muscle. Since the insulin resistance occurs in the liver before the skeletal muscle (29), these results demonstrate that PAFR deficiency leads to susceptibility to the metabolic syndrome. 
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Liver steatosis is a hallmark of metabolic syndrome (6, 7) and PAFRKO mice presented increased liver weight and hepatocyte disarrangement already in SD. Confirming the susceptibility to develop hepatosteatosis, increased expression of the lipogenic gene Ldlr was found in the liver of PAFRKO mice in SD, and after HFD, these mice developed evident steatosis. Moreover, when fed HFD, PAFRKO mice presented a more prominent metabolic syndrome characterized by reduced glucose tolerance, increased insulin resistance, impairment of insulin signaling in both the liver and skeletal muscle. HFD induces both insulin resistance and beta cell hyperplasia in human and mice model (34). Here, although mice fed HFD were insulin resistant (reduced insulin response in ITT and impaired insulin-induced AKT phosphorylation) the degree of resistance was not enough to affect the GTT. A possible explanation is that in response of a single dose of glucose used in GTT, hyperplasic beta cells would produce increased amount of insulin that compensate the insulin resistance during this test.Likewise is observed in patients in early stages of type 2-dyabetes(34). We cannot exclude the possibility that PAFR deficiency directly affects adipocyte function rather than affecting the ATM. However, recent studies have demonstrated that the infiltration of pro-inflammatory macrophages into fat tissue is required in diet-induced insulin resistance (6-8, 10). Moreover, we found similar levels of adiponectin and chemerin, anti and pro-inflammatory adipokines respectively, suggesting that the ablation of PAFR does not affect the inflammatory profile in adipocytes. In brown adipose tissue, the PAFR activation was shown to up-regulate the expression of beta 3 adrenergic receptor and Uncoupling Protein 1, which are essential for cellular thermogenesis. These results suggest an additional mechanism where PAFR plays a role in metabolism by regulating energy expenditure (18). Addionally, studies in rats using Rupafin (Rupatadine), an antagonist of PAFR and H1 histamine receptors, showed microscopic liver findings in rats which comprised vacuolation of hepatocytes an increased incidence of fatty change (35). This strengthens our data, since we show possible mechanisms that might explain these side effects.  Using a different mouse strain (C57BL/6) to that employed in our study, Yamagushiet al.(17) demonstrated that the deficiency of PAFR exacerbated diet-induced glucose intolerance and no difference was found between WT and PAFKRO fed the SD. In our study, using the Balb/c background, we demonstrated that PAFRKO mice fed in SD were already glucose intolerant and hepatic insulin resistant, as observed by reduced insulin-induced AKT phosphorylation. Moreover, in our study using Balb/c mice, the glucose levels in SD-fed mice were higher in PAFRKO mice compared to WT, whereas similar levels of glucose were found in PAFRKO and WT mice of the C57BL/6 background (17). A possible explanation for these divergences is the difference in the mouse strain. Obese mice develop beta cell hypertrophy and hyperplasia, which can in part compensate the insulin resistance.In mice with a null mutation in the loci encoding the leptin receptor (db/db mice) or leptin (ob/ob mice), the C57BL/6 background was shown to be able to produce larger amounts of insulin compared to other mouse strains(36-38). Thus, it is possible that in C57BL/6 PAFRKO mice fed SD, the amounts of insulin produced during the glucose tolerance test is sufficient to control the glycemic levels, despite the insulin resistance. More studies comparing Balb/c and C57BL/6 mice regarding to glucose metabolism should be performed in order to unravel this hypothesis. Insulin resistance is described as the failure of insulin to activate the PI3K/Akt pathway insulin receptor, which is closely associated with the dysregulation of glucose and lipid metabolism in the liver (39). Here, we observe that the PAFR deficiency led to 
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a decrease in Akt phosphorylation in the liver, an effect that is maximized in HFD. In previous publications, we showed that oxidized lipids induce Akt phosphorylation in macrophages in the absence of insulin and in a PAFR-dependent manner (40). PI3K/Akt pathway activation is associated with M2 macrophages polarization (41). Another possibility is that PAFR regulates hepatic glucose homeostasis via the Akt pathway; however, this hypothesis remains to be investigated.    A wide range of oxidized phospholipids that bind to PAFR are generated in the absence of enzymatic synthesis by various types of stressors. The mechanisms of generation of these oxidatively modified phospholipids and their effects were nicely reviewed by McIntyre in 2012 (13). The continuous removal of the oxidation products of these phospholipids is essential in aerobic organisms. Macrophages have the physiological function of removing oxidized molecules, altered cells and, during embryogenesis, tissues that are no longer required by the animal. This is achieved without causing inflammation, and has been known since the Metchnikoff Lectures in Comparative Pathology of Inflammation, 1892. Later on, a group of macrophage receptors was described to execute this function, named “scavenger receptors”, with CD36 being the prototypical receptor of this group. Our previous studies pointed to a central role for PAFR in this process. We found that CD36 co-localizes with PAFR in macrophage plasma membrane lipid rafts for optimal oxLDL uptake and apoptotic cells phagocytosis (14, 15). The association of these receptors shifted macrophages towards the anti-inflammatory phenotype. It can be speculated that this represents the “default” phenotype of macrophages since the scavenger function is a physiological event. Since PAFR is associated with this function, its activation by PAFR-ligands should maintain macrophages in an anti-inflammatory phenotype. We hypothesize that in the absence of PAFR, these oxidized moieties will bind to CD36, which would then interact with other receptors present in the membrane of macrophages, such as TLR4, 2, and 6 (42), shifting macrophages towards the classically activated phenotype. Although some of the molecular mechanisms are still elusive, this might explain some of the regulatory effects of PAFR found in our study. Thus, we postulate that, through PAFR, endogenously generated PAFR ligands maintain WAT macrophages in an anti-inflammatory profile. This process is essential to preserve adipose tissue homeostasis and balanced glucose metabolism.   Disclosures No disclosures to declare.  Acknowledgments This study was supported by the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq).  Author contribution statement Study conception and design: Sonia Jancar and Francisco J. Rios Acquisition of data: Luciano Ribeiro Filgueiras, Marianna Mainardi Koga, Paula G. Quaresma, Edson Kiyotaka Ishizuka, Marlise Montes and Francisco J. Rios Analysis and interpretation of data: Luciano Ribeiro Filgueiras, Marianna Mainardi Koga, Paula G. Quaresma, Patricia O. Prada, Mario J. Saad, Sonia Jancar and Francisco J. Rios Drafting of manuscript: Luciano Ribeiro Filgueiras, Sonia Jancar and Francisco J. Rios  
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Clinical perspectives • In the obese stage, adipose tissue shows a high inflammatory profile accompanied by increased macrophage infiltration that leads to glucose intolerance and insulin resistance. Here, we investigated whether genetic deficiency of PAFR affects the phenotype of adipose tissue macrophages and its effect on glucose and insulin metabolism.  • Our results demonstrate that the absence of PAFR increases the inflammation in adipose tissue by leading macrophages towards M1 pro-inflammatory phenotype. Blood monocytes of PAFR KO mice also exhibit the pro-inflammatory phenotype. PAFR-ligands were detected in the serum of both, PAFR KO and WT mice. This results in metabolic disturbances, such as increase in weight gain, serum glucose, insulin resistance in the liver and skeletal muscle and severe liver damage, all hallmarks of metabolic syndrome.  • We identify a novel mechanism whereby PAFR activation regulates inflammation in adipose tissue and metabolic homeostasis.    References 
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  Table S1. Sequences of mouse primers used for qPCR analysis 
  Forward Reverse 
IL-12 5′-TGGTTTGCCATCGTTTTGCTG-3′ 5′-ACAGGTGAGGTTCACTGTTTCT-3′ 
IL-10 5′-CAGAGCCACATGCTCCTAGA-3′ 5′-TGTCCAGCTGGTCCTTTGTT-3′;  
iNOS 5'-GTTCTCAGGCCAACAATACAAGA-3' 5'-GTGGACGGGTCGATGTCAC-3' 
CCR7 5'-CAGGTGTGCTTCTGCCAAGAT-3' 5'-GGTATTCTCGCCGATGTAGTCA-3' 
Chemerin 5'-CTAGGCCGGATAGTCCACTG-3' 5'-CCTGGAGAAGGCAAACTGTC-3' 
Adiponectin 5'-TTGCAAGCTCTCCTGTTCCT-3' 5'-ATCCAACCTGCACAAGTTCC-3' 
IL-6 5’- TCGGAGGCTTAATTACACATGTTC-3’ 5’- TGCCATTGCACAACTCTTTTCT-3’ 
GAPDH 5′-AGGTCGGTGTGAACGGATTTG-3′  5′-TGTAGACCATGTAGTTGAGGTCA-3′ 
 
                             
  Supplemental Figure S1    
    Supplemental Figure S1. PAFR deficient peritoneal macrophages present a pro-inflammatory phenotype. Resident peritoneal macrophages from WT and PAFRKO were obtained by peritoneal lavage and stimulated with LPS 100 ng/mL for 24 h. Concentrations of IL-1β (A) and IL-10 (B) in the supernatant were evaluated by ELISA. Total RNA from resident peritoneal macrophages of PAFRKO and WT mice, fed SD, were obtained and Il6 (C), Il12 (C) and Nos2 gene expression was determined by RT-qPCR.*p<0.05 PAFRKO or WT LPS stimulated vs non-stimulated and # p<0.05 LPS stimulated PAFRKO vs WT.       
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    Supplemental Figure S2      
  Supplemental Figure S2. Aged PAFR deficient mice present increased glucose level, body and liver weight. WT and PAFRKO mice were fed in standard diet for 40 weeks and analyzed for total fasting glucose levels (A), body (B), liver (C), and spleen (D) weight. Data are presented as mean ± SEM (n=5). *p<0.05 PAFRKO vs WT animals        
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